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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The main purpose of the research presented herein was to study the fatigue crack propagation under loading modes 
I, II or III, either for plane strain or plain stress state. Therefore, several finite element analyses (FEA) were carried 
out and some experimental tests were performed in a bi-axial servo-hydraulic machine.  J-integral values were 
determined through numerical simulations and stress intensity factors, KI, KII and KIII were inferred at the crack tip 
of both thick and thin C(T) specimens, assuming several crack’s lengths, and either for plane strain or plane stress 
state. Load opening-mode I shown to be the pred minant mode of crack propa ation u er plane-strain state, 
leading to t ighest J-in egral values c lculated, followed by Mod III. In a diti n, sh aring load (mode II) 
in uced the low st stress intensity fact r values at the crack tip both for plane stress state and for plane strain stat . 
Finally, some f tig e crack growth rates (FCG) w re etermined under loading modes I or III, for thin sp cimens, at 
room temperature. C(T) specim ns use  in t e experimental t sts were made of two austenitic st inless steels, 
namely the AISI 316L and the Cr-Mn stainless steel, which are commonly used in several specific engineering 
applications. Results were compared and some conclusions could be drawn. 
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state. Load opening-mode I shown to be the predominant mode of crack propagation u der plane-strain state, 
le ding to the highest J-integral values calculated, followed by Mo e III. In addition, shearing lo d (mode II) 
induc d the lowest stre s i nsity f ctor v lues at the crack tip both for lane stress state and for lane strain state. 
Finally, some fatigue crack growth rates (FCG) w re determined under loadi g mo s I or III, f r thin specimens, at 
room temperature. C(T) specimens used in the experimental tests were made f two austenitic stainless steels, 
namely the AISI 316L and the Cr-Mn stainless steel, which are commonly used in several specific engineering 
applications. Results were compared and some conclusions could be drawn. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
Keywords: Fracture mechanics; Loading modes I, II, III; Plane strain or plane stress state; Fatigue Crack Growth Rates (FCGR); Experimental 
tests. 
 
 
* Corresponding author. Tel.: +351-21-294-8567; fax: +351-21-294-8531. 
E-mail address:rfspm@fct.unl.pt 
 Paulo Chambel et al. / Procedia Structural Integrity 1 (2016) 134–141 135
 
Available online at www.sciencedirect.com 
ScienceDirect 
StructuralIntegrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 
Research on fatigue crack propagation in CT specimens subjected to 
loading modes I, II or III 
Paulo Chambela, Rui F. Martinsa,* Luís Reisb 
 aUNIDEMI, Department of Mechanical and Industrial Engineering, Faculty of Science and Technology, Universidade NOVA de Lisboa, Campus 
de Caparica, 2829-516 Monte de Caparica, Portugal 
bIDMEC, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, Portugal 
Abstract 
The main purpose of the research presented herein was to study the fatigue crack propagation under loading modes 
I, II or III, either for plane strain or plain stress state. Therefore, several finite element analyses (FEA) were carried 
out and some experimental tests were performed in a bi-axial servo-hydraulic machine.  J-integral values were 
determined through numerical simulations and stress intensity factors, KI, KII and KIII were inferred at the crack tip 
of both thick and thin C(T) specimens, assuming several crack’s lengths, and either for plane strain or plane stress 
state. Load opening-mode I shown to be the predominant mode of crack propagation under plane-strain state, 
leading to the highest J-integral values calculated, followed by Mode III. In addition, shearing load (mode II) 
induced the lowest stress intensity factor values at the crack tip both for plane stress state and for plane strain state. 
Finally, some fatigue crack growth rates (FCG) were determined under loading modes I or III, for thin specimens, at 
room temperature. C(T) specimens used in the experimental tests were made of two austenitic stainless steels, 
namely the AISI 316L and the Cr-Mn stainless steel, which are commonly used in several specific engineering 
applications. Results were compared and some conclusions could be drawn. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
Keywords: Fracture mechanics; Loading modes I, II, III; Plane strain or plane stress state; Fatigue Crack Growth Rates (FCGR); Experimental 
tests. 
 
 
* Corresponding author. Tel.: +351-21-294-8567; fax: +351-21-294-8531. 
E-mail address:rfspm@fct.unl.pt 
 
Available online at www.sciencedirect.com 
ScienceDirect 
StructuralIntegrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216© 2016 The Authors. Published by Elsevier B.V. 
Peer review under responsibility of the Scient fic Committee of PCF 2016. 
XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 
Research on fatigue crack propagation in CT specimens subjected to 
loading modes I, II or III 
Paulo Chambela, Rui F. Martinsa,* Luís Reisb 
 aUNIDEMI, Department of Mechanical and Industrial Engineering, Faculty of Science and Technology, Universidade NOVA de Lisboa, Campus 
de Caparica, 2829-516 Mon e de Caparic , Portugal 
bIDMEC, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, Portugal 
Abstract 
The main purpose of the research presented herein was to study the fatigue crack propagation under loading modes 
I, II or III, either for plane str in or plai  stress state. Therefore, several finite element analyses (FEA) were carri d 
out and some xperime tal tests were performed in a bi-axial servo-hydraulic achi e.  J-integral values were 
determined through numerical simulations and stress intensity factors, KI, KII and KIII were inferr d t the crack tip 
of both thick and thi  C(T) specimens, assuming several crack’s lengths, and either for plane strain or plane stress 
state. Load opening-mode I shown to be the predominant mode of crack propagation u der plane-strain state, 
le ding to the highest J-integral values calculated, followed by Mode III. In addition, shearing load (mode II) 
induced the lowest stress i t nsity f ctor v lues at the crack tip both for plane stress state and for plane strain state. 
Finally, some fatigue crack growth rates (FCG) were determined under loadi g modes I or III, f r thin specimens, at 
room temperature. C(T) specimens used in the xperimental tests were made f two austenitic stainless steels, 
namely the AISI 316L and the Cr-Mn stainless steel, which are commonly used in several specific engineering 
applications. Results were compared and some conclusions could be drawn. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
Keywords: Fracture mechanics; Loading modes I, II, III; Plane strain or plane stress state; Fatigue Crack Growth Rates (FCGR); Experimental 
tests. 
 
 
* Corresponding author. Tel.: +351-21-294-8567; fax: +351-21-294-8531. 
E-mail address:rfspm@fct.unl.pt 
2 Author name / StructuralIntegrity Procedia  00 (2016) 000–000 
1. Introduction 
The main purpose of the research presented in this manuscript is to study the fatigue crack propagation under 
opening-modes I, II or III, either for plane strain or plain stress state, in two types of austenitic stainless steels, 
namely in AISI 316L and in a high-strength Cr-Mn austenitic stainless steel. In fact, it’s common practice to design 
components against yielding, preventing plastic deformation to occur. However, this method does not take into 
account mechanical fatigue, which is a process that depends on the variable type of loads applied, on the mechanical 
properties and characteristics of the material being tested, on the overloads or on the instantaneous and sudden 
fracture of the components that could happens, just to mention some variables that should also be considered during 
the design phase. Consequently, fracture mechanics has shown to be an important issue towards design and 
maintenance of several components subjected to fatigue, in order to promote a safe life, a fail safe, or a damage 
tolerance design philosophy. For applying these methods, it is common to use parameters such as the stress-intensity 
factor, K, or the J-integral concept, which value is directly related with the stress-intensity factor (SIF or Ki). 
 
Nomenclature 
a  Crack size 
B  Specimen thickness 
C(T)  Compact specimen 
E  Young’s Modulus 
FCG  Fatigue crack growth 
FEM  Finite Element Method 
G  Shear Modulus 
GC  Crack-extension force or energy release rate 
GIC  Critical crack-extension force or critical energy release rate 
J  J-integral value 
JI, JII, JIII  J-Integral value at the crack tip, corresponding to opening modes I, II or III, respectively 
KI, KII, KIII Stress intensity factor at the crack tip, corresponding to opening modes I, II or III, respectively 
KIC  Plane-strain fracture toughness 
KC  Plane-stress toughness 
SIF, K  Stress intensity factor 
y  Yield Stress 
T  Outward traction vector 
u  Displacement vector 
ν  Poisson’s ratio 
W  Specimen width 
W  Strain-energy density 
  Path of the J-integral closed contour 
1.1. Stress-intensity factors 
The stress intensity factor (K) is a scalar value that quantifies the magnitude of a stress-field near the vicinity of a 
crack tip, Eq. (1), under a particular mode (I, II or III), in a homogeneous, linear-elastic body (Fig. 1). It depends on 
different variables, such as geometry of the component, dimension, shape and location of the crack, magnitude and 
mode of the load applied, Eq. (1). On a global polar coordinate system, Eq. (1) (Anderson 2005), represents the 
stress-field in a cracked solid body (Fig. 2). 
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where r represents the distance from the crack tip to a location where the significant stress is calculated (Fig. 2), 
θ represents the angle that r makes with the horizontal-axis (reference line, θ=0º), and fij(θ) is an non-dimensional 
function of θ that depends on the mode of loading applied and geometry. Equation 1 presents a stress-field 
singularity when tends to zero. In that case, the stress will tend to infinity, while the higher-order terms of Eq. (1) 
will tend to very small values, Eq. (2) (ASTM E1820 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A cracked solid body under different opening modes: a) Mode I, b) Mode II, c) Mode III. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Stress-field distribution near the crack tip. Definition of the global polar coordinate system (r,θ). 
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1.2. J-Integral 
J-integral is an energetic contour, Eq. (3), that was introduced by Cherepanov (1967) and Rice (1968) following 
the energy-momentum tensor initially suggested by Eshelby (1970). It is a Fracture Mechanics parameter based on 
an energetic method that allows the evaluation of the stress-field near the crack tip in an elastic or nonlinear elastic 
material with homogenous behaviour. It is defined around the crack tip, in the positive direction, counterclockwise, 
which starts on the lower flat face of the crack and continues along a well-defined path to its upper flat face. This 
energetic contour integral is path independent if quasi-static conditions are met (time independent processes, 
excluding dynamic effects associated with accelerations and kinetic-energy production), together with the absence 
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of body forces, as well as thermal induced stresses and traction stresses applied in the faces of the crack, as 
mentioned by Brocks et al. (2002) and Hellån (1985). In this case, J-integral value is assumed to have always the 
same value for all paths that enclose a hole or a crack, it is identical to the energy release rate for a plane crack 
extension (Budiansky and Rice 1973), and the two-dimensional J-integral along the closed contour  is given by Eq. 
(3) (Rigby and Aliabadi 1998).   

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uTWdyJ
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where  is a closed contour – path of the integral – surrounding the crack tip, W represents the strain energy 
density or loading work per unit volume, T is the traction vector on ds, which includes the Cartesian components of 
stress tensor and is defined to the outward normal along  ( jiji nT  ), u  is the displacement vector at ds and ds 
is the increment of the contour path. The stress-intensity factor, K, and the J-integral are two approaches for 
evaluating the stress field at the vicinity of a crack tip and for a linear elastic material the stress intensity factors can 
be related to the J-integral, in combined modes, using Eq. (4) and Eq. (5) for plane-strain and plane stress 
conditions, respectively (Brocks at al. 2002) (Rigby and Aliabadi 1998). 
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Crack propagation will occur when the strain energy release rate criterion is met, that is when the stress intensity 
factor at the crack tip reaches a critical value (Hutchinson 1983). In addition, variables such as the crack length, or 
the specimen thickness, are also important to define the extent of yielding at the crack tip, but also to influence 
cracking due to mixed mode. In fact, crack growth within a finite thickness is never restricted to mode I but instead 
is a mixture of modes I and III (Hellån 1985). Therefore, mode I or mode III could be dominant and if mode II 
loading is also included, the crack motion could occur out of its original tangent plane not corresponding to the 
assumption of a codirectional growth (Hellån 1985).  
J-Integral values can be obtained either through numerical methods (FEM) or by experimental tests and opening 
Mode I is the most studied crack propagation mode, while modes II and III are not so extensively studied. Hence, 
this work aims to study all opening modes from a numerical point of view and to study opening-mode III from an 
experimental point of view. 
2. Material and methods 
2.1. Numerical simulations 
A tridimensional standard compact specimen C(T) was designed and modeled in ANSYS Mechanical (Figure 
3a), according to ASTM E647 (2000) and ASTM E1820 (2001), in order to calculate stress-intensity factors, KI, II, III, 
and J-integral values, JI,II,III, at the crack tip under plane-strain state. In addition, a second model of a compact 
specimen C(T) was designed and modeled in ANSYS Mechanical (Figure 3b), in order to simulate a crack under 
plane-stress state. The overall dimensions of the plane-stress compact specimen C(T) also followed ASTM 
standards ASTM E647 (2000) and ASTM E1820 (2001), with the exception of the specimen’s thickness, which was 
not equal to 0.5W, but defined equal to 2.5 mm, which was the thickness of the specimens to be tested. 
The finite element meshes of the uncracked C(T) specimens were firstly composed by several regular solid 
elements (SOLID186) (Figure 3a,b), which were placed along its width (W) and thickness (B), in order to obtain 
JI,II,III results at the free surfaces and in the nodes distributed along the specimen thickness. Using the commercial 
software Zencrack, a 3D crack-block, named s03_t23x1, using collapsed nodes and midside nodes dislocated to ¼ of 
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the edge’s length, was then introduced at the different locations at the crack tip (a/w = 0.45, 0.5, 0.55), in order to 
simulate the stress-field singularity, Eq. (2) (Figure 3c). Each C(T) specimen was submitted to opening-modes I, II 
and III, through the application of a total load force equal to 100 N, equally distributed by the five nodes along the 
thickness (20 N) (Figure 3d), in the elastic regime. In addition, appropriate constraints were applied to nodes, in 
order to prevent rigid body motion, as well as to ensure the foreseen direction of displacement of nodes and faces 
(Figure 3d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig.3. Compact specimens C(T). a) Plane-strain (W=64 mm, B=32 mm, a0=19 mm, 28.8≤a≤35.2 mm); b) Plane-stress (W=26 mm, B=2.5 mm, 
a0=6.5 mm, 11.7≤a≤14.3 mm); c) 3D crack-block placed along the specimen thickness; d) Plane-strain C(T) specimens under opening-modes I, 
II and III, respectively. Load force applied (100 N), uniformly distributed in the nodes along the thickness.  
The local energy release rate, G, was calculated at each node located at the crack front, along seven directions 
belonging to a normal plane to the crack front containing one node of the nine existing nodes, from G1 to G7, and 
Gmax, as well as max, are reported, simulating a virtual crack extension. 
2.2. Fatigue crack growth  tests 
Fatigue crack growth (FCG) tests were carried out in an Instron 8874 bi-axial servo-hydraulic machine (Figure 
4a), at room temperature, using machined C(T) specimens in the plane-stress condition (Figure 4b), which were 
made of a high-strength austenitic Cr-Mn stainless steel or an AISI 316L stainless steel (Table 1, 2) (Cruz et al. 
2010) (Martins et al. 2006). The loads applied induced either opening-mode I or opening-mode III. 
 
 
 
a b 
c 
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Fig.4. Experimental apparatus. a) Instron 8874 bi-axial servo-hydraulic machine used to carry out the FCG tests. b) C(T) specimens made of Cr-
Mn and AISI 316L austenitic stainless steel. 
Table 1. Chemical composition (in percentage) of the two materials tested determined by optical emission spectrometry 
(Cruz et al. 2010). 
 C (%) Si (%) Mn (%) P (%) S (%) Cr (%) Mo (%) Ni (%) Cu (%) V (%) N %) 
AISI 316L <0.05 0.37 1.30 0.03 0.004 17.34 2.23 11.11 0.22 0.07 0.08 
Cr-Mn <0.05 0.34 6.54 0.02 0.001 18.31 0.10 4.40 0.16 0.06 0.18 
Table 2. Yield Stress (MPa) and Tensile Stress (MPa) of the materials used to manufacture C(T) specimens (Cruz et al. 
2010) (Martins et al. 2006). 
 
 
 
 
All specimens tested were firstly precracked in fatigue, using load control and a sinusoidal waveform (R=0.1), in 
order to allow a short fatigue crack to nucleate from the machined V-notch root (starter notch) and propagate beyond 
the plastic zone induced during machining of specimen. The crack initiation and propagation was carefully 
controlled on the front and back surfaces of the specimen using hot and cold lights, together with a magnifying glass 
(x30) connected to a measuring device and a Veho® USB camera linked to the computer, which enable to acquire 
screenshots, videos and to measure the crack with the help of an appropriate software (Figure 5). The length of the 
fatigue precrack extension varied from 1.7 to 2.5 mm, for a number of cycles varying between about 29 278 and 47 
860 cycles. FCGR tests followed procedure and recommendations given in standard ASTM E647-00 (2000).  
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Experimental apparatus used to monitor crack initiation and propagation on the front and back surfaces of C(T) specimens. 
 Yield Stress (MPa) Tensile Stress (MPa) 
AISI 316L 290 600 
Cr-Mn 480 800 
a b 
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3. Results and discussion 
3.1. Numerical simulations 
Taking into account data presented in section 2.1, J-integral values were computed both for plane strain (Figure 
6a) and plane stress C(T) specimens (Figure 6b).  
 
Fig. 6. J-integral values, JI, JII and JIII. a) For a standard compact specimen C(T) (Fig. 3a) under plane strain condition and a/w = 
0.45, 0.5, 0.55. b) For a compact specimen C(T) (Fig. 3b) under plane stress condition and a/w = 0.45, 0.5, 0.55. Any load force, P, in 
Newton, could be applied in the polynomial expressions derived, in order to determine J-integral values in the linear elastic 
regime, for 0.40≤a/w≤0.55, and for the compact specimens C(T) under study (Fig. 3a,b). 
Opening modes I and III are dominant for both plane-strain and plane-stress conditions (Figure 6). In addition, 
load opening-mode II always shown to be characterised by the lowest J-Integral values present at the crack tip. In 
what direction of crack propagation concerns, numerical calculations carried out at the deepest point of the crack 
front indicated a value equal to 0º for opening mode I, either for plane strain or plane stress condition, and equal to 
70º, for modes II and III. 
3.2. Experimental FCG tests 
While applying opening load Mode III, crack propagated along a direction of approximately 70º and crack 
branching occurred (Fig. 7a). Moreover, it was possible to verify that crack growth rates were higher at the external 
surfaces than at the middle region of the specimen, as can be clearly perceived by the higher length of crack at 
surface than at the crack front (Fig.7b). In Fig. 7c, it is also possible to infer a linear relation between crack length 
and fatigue life (number of cycles). This linear behaviour is different from what can be seen when a crack 
propagates only in Mode I. 
 
 
 
  
 
 
 
 
 
 
 
 
 
Fig.7. Fatigue crack growth in specimen no. 1 and no. 3 (only crack propagation under Mode III is presented). 
a b 
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4. Conclusions 
A research work regarding fatigue crack propagation under opening-modes I, II or III, either for plane strain or 
plain stress state, in two types of austenitic stainless steels was developed and some remarks could be drawn: 
 JI values, either calculated numerically or derived from ASTM standards, are almost coincident for (a/w) ratios 
equal to 0.45 and 0.50; 
 For load opening Mode III, the crack propagated along a direction of approximately 70º and the crack growth rate 
was higher at the external surfaces of the specimens than at their middle region. 
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